Turfgrass systems contribute to the loading of reactive N to water and air via runoff, leaching, and gas emission. Yet, a comprehensive approach has never been developed to assess N loss potential from turfgrass systems. We used pools and production of reactive N (inorganic N, extractable organic N, and N 2 O) to estimate N loss potential and hypothesized that this potential could be predicated by basic soil properties. A total of 68 soil samples were taken from 17 bermudagrass sites in North Carolina. Basic soil properties were analyzed, including soil C and N, C:N ratio, microbial biomass, moisture, pH, and percent silt/ clay/sand. Soil samples varied most widely in texture, followed by soil C and N, microbial biomass, moisture, pH, and C:N ratio. The pools of extractable organic N and inorganic N were comparable, indicating that soluble organic N should be considered as a pathway of N loss from turfgrass. Turfgrass with large pools and production of reactive N was characterized by high soil C and N, microbial biomass, and moisture. Because soil C and N accumulate over time after turfgrass establishment, turfgrass age could be a suitable practical indicator of N loss potential and thus could be used to implement changes in management. Pools and production of reactive N in liquid and gas phases were well correlated, suggesting that if a turfgrass system has a high potential of N loss via leaching and runoff, it may also be of a high potential for N 2 O emissions.
R
eactive nitrogen (N) refers to all biologically, chemically, and radiatively active N and includes gaseous, ionic, and organic species (e.g., NO x , N 2 O, NH 4 + , and NO 3 -), amines, proteins, and nucleic acids (UNEP and WHRC, 2007) . Although some species of reactive N (e.g., NH 4 + and NO 3 -) are essential to plant growth and ecosystem productivity, excessive amounts of reactive N are generally detrimental to the environment, human health, and ecosystem service (Vitousek et al., 1997; Fields, 2004; UNEP and WHRC, 2007) . Nitrous oxide and/or NO x have been well recognized for their roles in global warming, depletion of ozone in the stratosphere, formation of ozone in the troposphere, and health-related problems due to ozone inhalation and/or increased UV exposure (e.g., respiratory illness, skin cancer, and vegetation injury). Excess inorganic and dissolved organic N in water bodies can also promote eutrophication, which leads to the death of many species of aquatic animals and plants due to algal bloom-associated hypoxia. Some other negative effects of reactive N include soil acidification, biodiversity reduction, and health concerns associated with NO 3 -ingestion with drinking water. Reactive N in the environment has increased steadily since the industrial revolution. The increase in water and air is largely due to anthropogenic activities, specifically those associated with agricultural production and urban and suburban landscaping. Lamber and Driscoll (2003) reported, for example, that agricultural, suburban, and urban lands produced N-rich runoff and were an important contributor to the loading of reactive N in estuaries. On a global scale, agricultural production emits 6.7 Tg N 2 O-N yr -1 , accounting for 67 to 80% of total anthropogenic N 2 O emissions (Ussiri and Lal, 2013) . In the United States, soil management alone generated 69% of total anthropogenic N 2 O emissions (USEPA, 2011). Development of management practices to reduce N loss from soil to water and air requires a better understanding of factors that determine the pools and production of reactive N in the managed ecosystems.
Turfgrass in parks, golf courses, and lawns dominates the urban landscape and covers ~16 million ha, roughly 35% of total urban lands in the United States (Milesi et al., 2005) . Concerns have been raised about N losses from turfgrass systems because of their potential contributions to water and air pollution. In some geographical areas, turfgrass has been documented as an important or even dominant source of reactive N that is present in water and air (USEPA, 2013; Kaye et al., 2004) . A study conducted in Fort Collins, CO, showed that turfgrass occupied 6.4% of the land area but contributed up to 30% of N 2 O emissions (Kaye et al., 2004) . It might be assumed that the significant N loss is due to the high management intensity in turfgrass systems. However, turfgrass systems are subjected to different management intensities, with some remaining unfertilized and others fertilized at different rates (Osmond and Hardy, 2004; USEPA, 2013) , and N loss from turfgrass systems does not always correlate with the intensity of management (Petrovic, 1990; Bremer, 2006; Barton et al., 2009; Groffman et al., 2009) . Groffman et al. (2009) reported that N 2 O fluxes from more heavily fertilized turfgrass were lower than those from less fertilized turfgrass. Leaching of applied fertilizer N varied greatly among turfgrass systems, ranging from almost 0 to 50% (Petrovic, 1990) . The poor correlation between the intensity of fertilization and N loss suggests that N transformations within turfgrass systems dictate the degree of N loss to water and air.
Nitrogen mineralization, nitrification, and denitrification in turfgrass systems are the most critical soil processes that govern the pools and production of NO 3 -and N 2 O, the molecular forms of reactive N that are prone to loss to the surrounding environment. It is well known that N transformations are affected by a number of soil properties, including mineralogy and texture, organic matter quantity and quality, pH, moisture, and microbial population size (Myrold, 2005) , and these soil properties can vary considerably from one turfgrass system to another (Shi et al., 2006; Yao and Shi, 2010) . Hence, it is not surprising to observe large variations in pools and production of reactive N (Shi et al., 2006; Li et al., 2013) . Based on results from a few turfgrass systems, Li et al. (2013) indicated that soil C and N concentrations, clay content, and pH could be key factors regulating soil N 2 O fluxes. Nitrogen mineralization and nitrification in a turfgrass chronosequence were also found to be positively associated with soil C and N concentrations (Shi et al., 2006) . It is conceivable that pools and production of reactive N could be predicted by basic soil properties. If that is the case, turfgrass systems could be rated based on their potential for N loss, and management practices could be customized to minimize environmental damage.
The objectives of this study were to quantify the variations in soil reactive N among different turfgrass systems and to identify the major soil properties that were related to the reactive N differences. In addition to soil NO 3 -and N 2 O flux, we measured soluble organic N because of its importance as a form of reactive N (Murphy et al., 2000; . Several studies have shown that soluble organic N can account for a high fraction of total soluble N, ranging from 26 to 97%, and that the magnitude of its loss is greater than previously reported (Perakis and Hedin, 2002; Christou et al., 2005; ).
Materials and Methods

Soil Sampling and Preparation
Soil samples were collected from 17 professionally managed bermudagrass [Cynodon dactylon (L.) Pers.] turfgrass sites located within 150 km of Raleigh, NC (Fig. 1) Given that SR and SS were subjected to periodic re-landscaping and disturbance due to the need of research and commercial harvest, SS and SR were also considered to be the younger turfgrass systems from the perspectives of soil organic matter buildup.
Four soil cores (5 cm diameter × 7.5 cm length) were randomly taken from each turfgrass site on 1, 2, and 3 Aug. 2012. For golf courses, fairways were used as the sampling sites. Intact cores were placed in a cooler and transported to the laboratory. Soil samples were sieved (<2 mm), and visible plant residues and roots were removed. A fraction of each soil sample was ovendried at 105°C for analysis of soil total C and N contents and soil particle size. The remaining fraction was stored at 4°C for later analysis of chemical and biological properties.
Selected Soil Properties and Extractable Soil N
Soil total C and N were determined by the dry combustion method using a PerkinElmer 2400 CHN elemental analyzer. Soil pH was measured using a pH meter Mettler Toledo Inc.) at a soil-to-water ratio of 1:2.5. Soil microbial biomass N was estimated by the chloroform fumigation extraction method with an extraction coefficient of 0.54 (Brookes et al., 1985) . Unlike other analyses, only two of the four samples from each turfgrass site were analyzed for soil particle size using the hydrometer (Haney et al., 2001) , three extractants were used to make comprehensive and reliable assessments. Extractable soil total N was also determined colorimetrically after alkaline persulfate oxidation (Cabrera and Beare, 1993) . Extractable soil organic N was calculated as the difference between extractable soil total N and soil inorganic N.
Soil N 2 O Production
In this study, factors of primary interest were soil organic C and N content, microbial biomass, pH, and soil texture. To reduce extraneous sources of variation, several other factors, including temperature, moisture, bulk density, and substrate concentration, were kept constant during laboratory incubation. Therefore, data collected from the following laboratory experiments might not represent data measured in field because temperature, moisture, soil structure, and substrate concentration often fluctuate with season, precipitation, physiological stage of turfgrass, and management practices. However, relationships between reactive N and primary factors were unlikely to be affected by measurement conditions.
Field-moist soil samples (equivalent to 26 g dry weight) were packed into 125-mL amber jars (5.5 cm i.d. × 6.5 cm height) at a bulk density of 1.3 g cm -3
. After jars were capped with opentop closures and silicone septa, soil samples were incubated at room temperature (23 ± 2°C) for 2 h. Then, headspace gas samples (3 mL) were collected using 3-mL syringes with 22-gauge needles. Preliminary data from three replicates and repeated samples within 2 h (i.e., 0.5, 1.0, and 2.0 h) showed that N 2 O concentrations increased linearly with sampling time. The pressure of closed amber jar was maintained by injecting the same volume of air immediately after headspace gas sampling. The N 2 O concentrations of gas samples were analyzed using a gas chromatograph equipped with electron capture detector (Agilent 6890) with the following operating conditions: oven temperature, 60°C; electron capture detector temperature, 350°C; and 7 min running time for each gas sample. The headspace gas sampling and N 2 O concentration measurement were repeated the following day.
Soil moisture content differed among soil samples. Therefore, respective soil water-filled pore space (WFPS) was calculated from the equation %WFPS = q m ·r b /(1 -r b /r p ), where q m represents gravimetric water content (g g -1
), r b is soil bulk density (g cm ), and r p is soil particle density assumed to be 2.65 g cm
) was calculated from the following equation:
where C sample and C air are the N 2 O concentrations of the gas sample and the air (ppbv), respectively; V is the sum of the volume of headspace (L), the volume of air in soil pores, and the volume of water in soil pores corrected by N 2 O absorption coefficient; r is molar volume at 25°C and 1 atm. (24.436 L mol
; m is the dry weight of soil (g); and t is the incubation time (h).
Soil Net N Mineralization
A 21-d laboratory incubation experiment was conducted to determine net N mineralization. Briefly, field-moist soil samples were preincubated at room temperature (23 ± 2°C) for 3 d, and the subsamples (20 g fresh weight) were transferred to 120-mL specimen containers that were placed in 1-L Mason jars. Ten milliliters of distilled water was added to individual Mason jars to maintain high humidity and to minimize soil water loss during incubation. The Mason jars were flushed with air for 30 min every 7 d. Soil inorganic N at Day 0 was determined on preincubated soil samples. Soil inorganic N before and after incubation was extracted with 1 mol L -1 KCl at a 1:5 ratio. Soil inorganic N was measured colorimetrically as described above. The difference between inorganic N after and before incubation was calculated as soil net N mineralization at field moisture condition.
Potential Rates of Soil Nitrification and Denitrification
Soil nitrification potential was determined by the shaken soil slurry method (Hart et al., 1994) . Soil samples (15 g field-moist weight) were placed in 250-mL Erlenmeyer flasks containing 100 mL of substrate solution (1.5 mmol L -1 NH 4 + and 1 mmol L -1 PO 4 3-[pH 7.2]). The flasks were capped and shaken on a rotary shaker at 210 rpm for 24 h. During the incubation, soil slurries (10 mL) were collected periodically at 2, 4, 22, and 24 h and centrifuged at 8000 × g for 10 min. The supernatants were analyzed for NO 3 --N using a Lachat flow injection analyzer as described above. The potential rate of nitrification was calculated as the slope of linear regression of NO 3 --N concentrations over the incubation time.
Denitrification potential was measured according to the method of Tiedje (1994) . Soil samples (15 g field-moist weight) were placed in 125-mL Erlenmeyer flasks containing 15 mL of a substrate solution (1 mmol L -1 glucose, 1 mmol L -1 KNO 3 , and 1 g L -1 chloramphenicol). The flasks were capped with gas-tight stoppers suitable for gas sampling. Oxygen was removed from the flasks by bubbling N 2 gas into the slurry, and purified acetylene was added to the headspace to achieve a final concentration of 10% (v/v). Gas samples (3 mL) were collected at 0.5, 1.0, and 1.5 h from each flask during the incubation on a rotary shaker at about 210 rpm, and N 2 O concentrations were analyzed based on the method described above. The pressure of the closed flask was kept unchanged by injecting the same volume of air after headspace gas sampling. The potential rate of denitrification was calculated as the slope of linear regression of N 2 O concentrations over the sampling time.
Data Analysis
The CV was used to indicate the degree of difference among soil physical, chemical, and biological properties. A t test was performed to compare the concentrations of extractable soil inorganic N and organic N. Correlation analysis was used to infer the impacts of basic soil properties on soil-extractable N, N 2 O production, and soil N transformation processes, with Pearson's correlation coefficient for data with normal distribution and Spearman's rank correlation coefficient for data with nonnormal distribution. Nonmetric multidimensional scaling (MjM Software) was used to characterize turfgrass systems based on soil properties and potential for N loss.
Results
Soil Sample Heterogeneity
Soil samples from the 17 turfgrass sites varied considerably in texture, organic matter content, pH, moisture, and microbial biomass (Table 1) . Of the examined properties, silt and clay percentage differed most, with CVs of 92.7 and 66.4%, respectively. Differences in soil organic matter content, microbial biomass N, and soil moisture were also substantial, with a CV of 42% on average. Although the CV for pH was relatively small, differences among soil samples were still up to 2.7 units. Soil C:N ratio also varied moderately, ranging from 10.1 to 16.8.
Soil properties were not independent, suggesting some intrinsic relationships. As the essential elements of soil organic matter, soil C and N were positively correlated (P < 0.001) ( Table 2 ). Positive correlations also existed between microbial biomass N and soil organic C and N due to the fact that soil organic matter is the major source of energy, C, and nutrients for microbial growth and activity. Soil clay and silt contents were associated positively (P < 0.001). Soil moisture content was also positively related to microbial biomass N and to soil C and N.
There was a significant and negative relation between soil pH and soil organic C or N (P < 0.001). Microbial biomass N increased significantly with % clay (P < 0.05). Similarly, there was a positive correlation between soil N concentration and % silt (P < 0.05).
Soil-Extractable Inorganic N and Organic N
Soil inorganic N and extractable organic N varied greatly among the sample sites, ranging from 2.1 to 46.2 mg kg -1 soil and from 0.1 to 24.8 mg kg -1 soil, respectively ( Fig. 2A, B) . Compared with H 2 O and K 2 SO 4 , KCl extracted ~31% more inorganic N (P < 0.001) (Fig. 2A) . Similarly, KCl-extractable organic N was ~133 and ~18% greater than H 2 O-and K 2 SO 4 -extractable organic N, respectively (P < 0.001) (Fig. 2B) .
Extractable soil organic N was generally lower than inorganic N (P < 0.01) and accounted for ~31, 46, and 48% of total soil N extracted with H 2 O, KCl, and K 2 SO 4 , respectively (Fig. 2C) . However, variations among soil samples were large, ranging from 2.7 to 69.9% (H 2 O), from 29.5 to 73.4% (KCl), and from 31.7 to 75.7% (K 2 SO 4 ).
Total extractable N only accounted for a small fraction of soil N (i.e., on average, 0.85, 1.40, and 1.14% for H 2 O, KCl, and K 2 SO 4 as extractants, respectively). This percentage was significantly and negatively correlated with soil N (Pearson's r = -0.29, P < 0.05 for H 2 O; Pearson's r = -0.57, P < 0.001 for KCl; and Pearson's r = -0.68, P < 0.001 for K 2 SO 4 ). ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level. † Pearson's correlation was performed between total C, total N, C:N ratio, moisture, pH, and microbial biomass N with an observation number of 68 (i.e., 4 samples × 17 turfgrass sites). Because of the non-normal distribution of clay, silt, and sand, Spearman's rank correlation was conducted for clay, silt, or sand with observation an number of 34 (i.e., 2 samples × 17 turfgrass sites). ‡ Microbial biomass N.
Soil N 2 O Production
Soil N 2 O production rates were consistently similar on the two consecutive measurement days, so a mean was used for the assessment of soil N 2 O fluxes. Soil N 2 O production rates differed by up to ~1000-fold among soil samples, with a large CV of 412% (Fig. 3) . Most samples produced soil N 2 O at a rate of <500 ng N kg -1 soil h -1
. The exceptions were from two sites, NR and P8, where soils were saturated with water, as indicated by ~100% WFPS (Fig. 3) .
Soil N Transformations
Net N mineralization, nitrification, and denitrification varied among the turfgrass sites (Fig. 4) , with CV values of 51.8, 97.8, and 150.0%, respectively. The maximum differences were up to 31-, 75-, and 1143-fold. Mineralization was significantly correlated with nitrification (Spearman's r = 0.40, P < 0.001) and denitrification (Spearman's r = 0.61, P < 0.001), and nitrification was positively related to denitrification (Spearman's r = 0.34, P < 0.01).
Relationships of Reactive N Pools and Production with Soil Properties
Water-extractable N, N 2 O production, and N processes were significantly and positively correlated with total soil C and N content, soil moisture, and soil microbial biomass N (Table 3) . However, extractable organic N, mineralization, and denitrification were negatively associated with soil pH. Nitrification was the only process significantly related to % clay and C:N ratio.
Using nonmetric multidimensional scaling, the 17 turfgrass systems were separated into three groups based on waterextractable N, N 2 O production, and N transformation processes (Fig. 5A) . The sites SS, FC, and SR formed a distinct group whose orthogonal projections onto each of the vectors were in the opposite direction as the vector points (Fig. 5A, B) , indicating the lower end of soil N transformations, pool sizes of extractable soil N, and rates of soil N 2 O production. Sites NR, P8, WM, and HV, which project furthest in the same direction as each vector points, also clustered together, suggesting the upper end of N transformations and pool sizes. Given that vectors point almost in the same direction (Fig. 5B ), turfgrass systems with high pools or production of reactive N in the liquid phase would also have high production of reactive N in the gas phase.
This assemblage of turfgrass systems agrees fairly well with the clustering generated from soil chemical and biological properties (Fig. 6A) . Here, clay, silt, and sand contents were excluded from the analysis because they had little impact on pools and production of reactive N. Sites SS, FC, and SR grouped together, with lower soil C and N, microbial biomass N, and soil moisture (Fig. 6A, B) . A second group-NR, P8, WM, and HV-showed high levels of soil C and N, microbial biomass N, and soil moisture (Fig. 6A, B) .
Discussion
The 17 sites were chosen to represent a broad cross-section of bermudagrass turf ecosystems. Sites varied by age, soil type, topography, and management level, which contributed to considerable variability in the measured parameters. For example, soil inorganic N and extractable organic N varied up to ~100-fold, and N 2 O fluxes varied up to ~1000-fold. Of the properties examined, clay and silt contents were most variable, yet they had little impact on pools and production of reactive N in turfgrass systems. Instead, soil organic C and N, microbial biomass N, and moisture were correlated significantly with pools and production of reactive N. Positive associations among potential rates of N mineralization, nitrification, and denitrification also indicate that turfgrass systems having a high potential for N loss via leaching and runoff will have a high potential for N 2 O emissions. ** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level. † Pearson's correlation was performed for the relationships of inorganic N, organic N, total N, or mineralization with soil properties except for clay, silt, and sand. Because of non-normal distribution of N 2 O production rate, nitrification, and denitrification, Spearman's rank correlation was used for their relationships with soil properties. The observation number was 68 (i.e., 4 samples × 17 turfgrass sites), except for clay, sand, and silt, for which the observation number was 34 (i.e., 2 samples × 17 turfgrass sites). ‡ Microbial biomass N. § Inorganic and organic N denote water-extractable inorganic and organic N. 
Soluble Organic N Representing an Indispensable Source of N Loss from Turfgrass Systems
A portion of soluble organic N can be transferred to groundand surface water via leaching and runoff (Murphy et al., 2000) . This type of N loss can be significant from managed agricultural ecosystems ). These authors reported that soluble organic N accounted for ~26% of total soluble N loss, equivalent to roughly one third of NO 3 --N loss across diverse agroecosystems. In turfgrass systems, a significant portion of the total N leached was as organic N (Barton et al., 2006) . Via a 22-mo lysimeter study, these authors showed that 27 to 72% and 25 to 78% of N leached was NO 3 --N or organic N, respectively, depending on fertilization and irrigation treatments.
Although we did not measure soluble organic N in leachate or runoff, both are probably related to extractable soil organic N because the loss of soluble organic N via leaching or runoff, similar to that of soil NO 3 -, is mainly dependent on the amount and frequency of irrigation or precipitation (Barton et al., 2006; . Our observation that concentration of extractable soil organic N was comparable to inorganic N is in agreement with data from other agroecosystems (Murphy et al., 2000) . This suggests that the loss of soluble organic N from turfgrass systems may be similar in magnitude to the loss of soil NO 3 -. Although distilled water, 0.5 mol L -1 K 2 SO 4 , and 1 or 2 mol L -1 KCl are routinely used to extract organic N from soil ( Jones and Willett, 2006) , extractable organic N in this study varied significantly between extractants. Compared with distilled water, KCl and K 2 SO 4 increased the extraction of organic N from soil, perhaps due to their effects on the equilibrium between sorption and desorption of organic N with soil minerals (Ros et al., 2009 ). However, data from all three extractants were significantly correlated, indicating that relationships between extractable organic N and soil properties are probably independent of extractants.
Key Soil Properties for Predicting Pools and Production of Reactive N in Turfgrass Systems
The relationship between reactive N (inorganic N, extractable organic N, and N 2 O flux) and various soil parameters was investigated using correlation analysis. All three reactive N species were positively correlated with organic C and N content, microbial biomass N, and soil moisture. Although soil inorganic N can originate directly from applied fertilizer, it is more likely to be derived via mineralization/nitrification of organic matter in turfgrass soils. This is due to the very rapid and efficient immobilization of inorganic N by turfgrass systems, which reduces the residence time of applied inorganic N in the soil to just several days (Bowman et al., 1989) . The pool size of extractable organic N is also affected by soil microbial processes (e.g., enzyme-mediated depolymerization and microbial consumption of soluble molecules). As such, the correlation between extractable organic N and soil organic matter/microbial biomass is understandable. Extractable organic N declined with higher soil pH. This appears to be a common phenomenon due to pH effects on organic N solubility, sorption and desorption, and microbial consumption of soluble molecules (Kemmitt et al., 2006; Ros et al., 2009) . As pH decreases, it may reduce microbial activity and/or bioavailability of soluble organic N due to complexation with metals such as Al, resulting in the increase in extractable organic N (Kemmitt et al., 2006; Ros et al., 2009) .
Soil N 2 O can be generated through nitrification and denitrification, but the relative importance of the two processes depends on soil aeration conditions. In general, nitrification dominates soil N 2 O production when soil WFPS is in the range of 30 to 60%, whereas denitrification is a major process at >60% WFPS (Davidson, 1991; Bouwman, 1998) . In this study, the majority of turfgrass soil samples had >60% WFPS, indicating that denitrification was likely the main source of N 2 O. Besides direct effects on soil aeration, soil moisture, coupled with soil organic matter and microbial biomass, can regulate the availability of C, NO 3 -, and O 2 , controlling factors for denitrification. These soil properties were found to be positively correlated with soil N 2 O fluxes. Although soil N 2 O production can be enhanced by clay content likely due to clay's effects on soil aeration and water content (Kaiser et al., 1996; Rochette et al., 2008; Chen et al., 2013) , such was not the case in this study. Our results indicate that, compared with soil organic matter, clay content did not significantly affect denitrification and soil N 2 O emissions.
Although soil pH is considered to be an important factor mediating microbial N transformation processes, we found no consistent effects of pH on N 2 O production. This is in contrast to the report that a significant amount of N 2 O was produced under acidic soil conditions during denitrification (Ellis et al., 1998) . Our previous work also showed that, under anoxic conditions, extraordinarily high N 2 O production appeared in a soil with pH ~4.9 and high organic matter content . Such contradictions are due to the multiple effects of pH on soil N 2 O production. On one hand, pH regulates N 2 O production as a fraction of total yield of N 2 O and N 2 during denitrification and also as a fraction of total NH 4 + oxidized during nitrification (Koskinen and Keeney, 1982; Šimek and Cooper, 2002; Mørkved et al., 2007; Liu et al., 2010) . As pH decreases, N 2 O can increase in proportion to total gas production. On the other hand, soil acidification may reduce total gas production due to lower denitrification and nitrification activities (Šimek and Hopkins, 1999; Šimek and Cooper, 2002; Myrold, 2005) . These inconsistent and sometimes contradictory results make it difficult to predict pH effects on soil N 2 O production. Nevertheless, that our data indicate no relationship between soil N 2 O production and pH suggests that soil pH was not as important as soil organic matter in determining soil N 2 O production in turfgrass systems.
Regarding pH effects on denitrification potential and N mineralization, the negative associations found in this study could be misleading. As we observed, pH was negatively correlated with organic matter of turfgrass soils. Thus, a strong and positive relationship of N processes with soil organic matter might cause a negative correlation with soil pH. It is known that pH has little effect on N mineralization due perhaps to microbial adaption and functional redundancy (Rousk et al., 2009 ). Based on data from 61 soils with pH ranging from 5.1 to 7.9, Curtin et al. (1998) concluded there was no relationship between N mineralization and soil pH. Denitrification potential is also relatively independent of soil pH due to the ability of denitrifiers to adapt to both acidic and alkaline soils (Šimek et al., 2002) . Compared with mineralization and denitrification, nitrification is highly sensitive to pH, with optimal conditions in the alkaline range. However, we found that nitrification potential was not related to soil pH. This suggests either that alkaline soils were inadequately represented in our sampling or that pH effects on N transformations were obscured by other soil properties, such as organic matter.
Practical Implications
Our finding that soil organic matter had pronounced effects on soil-extractable N, N 2 O production, and N transformation indicates that soil C and N concentrations may be useful to assess the potential for N loss via leaching, runoff, and gas emission from turfgrass systems. Several studies from turfgrass chronosequences have shown that soil organic matter accumulates over time and often reaches a plateau ~30 yr after turfgrass establishment (Qian and Follett, 2002; Bandaranayake et al., 2003; Carley et al., 2011) . This implies that N loss potential will also be a function of turfgrass age, with the greatest loss potential in old turfgrass systems. As shown in our study, the younger turfgrass systems (i.e., FC, SR, and SS) did have lower potentials in producing reactive N.
Rapid turnover of soil N can play an important role in minimizing N loss via leaching, runoff, and gas emissions from turfgrass systems (Raciti et al., 2008; Groffman et al., 2009) . Although N transformation rates increase as turfgrass systems age, quick turnover keeps the majority of N in the turfgrass systems. As a result, reactive N in proportion to total soil N often declines with the increasing age of turfgrass systems (Shi et al., 2006) . In this study, total extractable soil N as a fraction of soil N was negatively associated with soil organic matter. When energy and C are available for microbial activity, N and water availability will have pronounced impacts on nitrification and denitrification. Given that potential N loss increases as turfgrass systems age, fertilizers in particular and irrigation to a lesser extent must be carefully managed and probably reduced in amount and/or frequency. We recognize that potential N loss does not equate to actual N loss under field conditions. Our measurements were obtained under optimum laboratory conditions, and physical limitations to N transport from soil to water and air were not considered in this study.
Conclusions
In turfgrass systems, soil organic matter content is the primary factor regulating the pools and production of reactive N (i.e., inorganic N, extractable organic N, and N 2 O). This study also suggests that extractable organic N represents a significant form of N that can be lost from turfgrass systems. Finally, soil moisture may lead to rapid development of microbial activity and thus production of reactive N, specifically in pertaining to N 2 O. Because turfgrasses accumulate considerable soil organic matter as they age, management practices should consider the age of the turfgrass system. The intensity and frequency of fertilization and irrigation may need to be reduced to minimize N loss from old turfgrass systems.
